1. Introduction {#sec1}
===============

The daily produced wastewater by the textile industry are among the most polluting. These contain organic toxic compounds, which affect living beings ([@bib2]; [@bib33]). Textile wastewater treatments do not follow a generalized process for all kind of effluents, because this depends on the type of pollutants; whereby, combination of different methods is necessary; the physical, chemical, biochemical, and hybrid processes are the most used, but avoiding having high costs ([@bib22]). One alternative is the Fenton chemistry process, which has been widely proved on the degradation of hazardous organic compounds, dyes and industrial waste ([@bib16]). Such process is based on the Fe^2+^-H~2~O~2~ reaction, which produces hydroxyl radicals by means of the oxidation of organic and inorganic compounds ([@bib6]; [@bib20]). Moreover, in the heterogeneous Fenton process, iron reacts through to a solid support, such as zeolites, ion exchange resins or clay and carbon. In such procedure no sludge is produced ([@bib26]).

Supported or unsupported metals or metal oxide nanoparticles are employed as heterogeneous Fenton catalysts ([@bib14]). The oxide nanoparticles are produced by green methods; which have some advantages as, be safe, eco-friendly, low cost, and mainly do not use harmful compounds ([@bib15]). In recent works, a high degree of sulfonation has been obtained for waste expanded polystyrene (WEPS), after submitting to ionizing radiation. Such improvement is due to the cross-linking of their polymer chains. Moreover, WEPS has been used for removal of contaminants in wastewater ([@bib21]; [@bib37]).

In this work, iron oxides nanoparticles were obtained using green tea extracts; then they supported irradiated and sulfonated waste expanded polystyrene (iS-WEPS). Such composites (denominated as FeO-NPs + iS-WEPS), were used as a heterogeneous Fenton catalyst, for removal of indigo carmine dye in textile wastewater. Moreover, the adsorption isotherms and kinetics, as well as chemical oxygen demand (COD), were studied.

2. Material and methods {#sec2}
=======================

2.1. Reagents {#sec2.1}
-------------

For the calculation of the degree of sulfonation the following reagents were employed: sulfuric acid (96.8 g/dl), HCl, NaCl and NaOH (analytical grade, Sigma-Aldrich Chemicals). For the green synthesis were used: commercial grade green tea (Herbacil^TM^), and ferrous salt (FeCl2 · 4H2O) (analytical grade, Sigma-Aldrich Chemicals). For the Fenton process, H2O2 30% solution (analytical grade, Fermont), was used. Finally, indigo carmine dye (Sigma Aldrich BSC Code ACL-18, Mw = 466 g/mol), was used for the isotherms and the adsorption kinetics tests.

2.2. Gamma irradiation of waste expanded polystyrene (iWEPS) {#sec2.2}
------------------------------------------------------------

Waste expanded polystyrene (WEPS) was washed, dried and crushed for to obtain pieces of size 0.3--0.5 cm^2^; then these were exposed at different gamma irradiation doses (100, 200, 400, 600, 800 and 1,000 kGy), at a dose rate of 3.5 kGy/h, remained in air at room temperature. The samples were denominated as iWEPS. Irradiation process was carried out in a Transelektro Irradiator LGI01 with a ^60^Co source; manufactured by IZOTOP Institute of Isotopes Co. Ltd. (Budapest, Hungary), and located at the National Institute of Nuclear Research (ININ, México).

2.3. Sulfonation of irradiated waste expanded polystyrene (iS-WEPS) {#sec2.3}
-------------------------------------------------------------------

The iWEPS samples were sulfonated following the optimized method reported by De-León et al. (2019) ([@bib12]). This consist in mixing 7.5g of irradiated waste expanded polystyrene with 100 mL of H~2~SO~4~ (96%), and to kept it under agitation for 30 min at 95 °C ([Fig. 1](#fig1){ref-type="fig"}). Finally, the iS-WEPS is separated from the solution by filtration and then washed.Fig. 1Schematic illustration of the sulfonation process of irradiated waste expanded polystyrene (iWEPS).Fig. 1

2.4. Elaboration of the composite (FeO-NPs + iS-WEPS) {#sec2.4}
-----------------------------------------------------

The composites elaboration consisted first in obtaining the iron nanoparticles (mixing a ferrous solution (FeCl2·4H2O) 0.1M and 150 mL of deionized water; under a nitrogen atmosphere). Previously, green tea extracts were obtained by mixing 13g of green tea (Herbacil^TM^) and 500 mL of deionized water, stirred at 80 °C and vacuum-filtered. Then, the solutions had 2:3 ratio of ferrous solution:green tea, which was stirred during 60 min ([@bib34]). Finally, 9g of iS-WEPS was added, and the final mixture was stirred for 1h at 24 °C, for to obtain the composite (FeO-NPs + iS-WEPS).

2.5. Characterization of the materials {#sec2.5}
--------------------------------------

The glass transition temperature of WEPS and iWEPS were measured in a TGA-DSC equipment (Netzsch STA 449 F3 Jupiter), with a heating speed of 10 °C/min, in nitrogen atmosphere. While the iWEPS was analyzed by Fourier transform infrared spectroscopy (FT-IR) in a spectrophotometer, equipped with an accessory for measuring of Attenuated Total Reflectance (ATR). After the sulfonation process, the degree of sulfonation of the irradiated and sulfonated polystyrene (iS-WEPS) was calculated, according to ([@bib12]; [@bib43]).

The iron oxide nanoparticles sizes were determined by transmission electron microscopy (TEM), from carbon-coated evaporated drops, using a JEOL 2100 microscope at 200 kV, with a LaB~6~ source. The nanoparticles sizes were measured using the ImageJ software by counting at least 1,000 nanoparticles on each TEM image. Finally, the composites (FeO-NPs + iS-WEPS) were characterized by: a) X-ray powder diffraction (XRD) using a XRD Rigaku/Ultima-IV equipment with Cu-kα radiation (1.5406 Å) at 45 kV and scanning speed of 2°/min, and b) scanning electron microscopy (SEM), using a JEOL-5900-LV microscope, at 20 keV in high-vac mode (with gold sputtering). Such equipment includes an energy dispersive X-ray probe for semi-quantitative elemental analysis.

2.6. Adsorption isotherms and kinetics {#sec2.6}
--------------------------------------

The kinetic experiments were performed for determination of the equilibrium time. For this, 100 mg of the composite (FeO-NPs + iS-WEPS) was mixed with 50 mL of indigo carmine dye solution (50 mg/L, as initial concentration); such aqueous samples were measured every 5 minutes until 50 minutes for to find the equilibrium time. Then, the samples were centrifuged and decanted. The kinetics adsorption process was studied by three methods: pseudo-first order, pseudo-second order, and Elovich.

The adsorption isotherm experiments were carried out with an indigo carmine dye solution. For this, were prepared beakers with 50 mg of adsorbent and 25 mL of indigo carmine solution (10--80 mg/L) at pH 3.2. The beakers were sealed and stirred for 30 min, at room temperature. After stirring, the indigo carmine concentration in the solution was measured by using a UV-Vis spectrophotometer Perkin-Elmer Model Lambda 25. Moreover, Langmuir, Freundlich and Langmuir-Freundlich models, as well as Origin 8.0 software were used for the analysis of the adsorption isotherms. The concentration of indigo carmine at equilibrium, qe (mg/g), in the adsorbent samples, was calculated by [Eq. (1)](#fd1){ref-type="disp-formula"}:$$q_{e} = \frac{\left( {C_{o} - C_{e}} \right)V}{W}$$where C~0~ and C~e~ (mg/L) are the liquid phase concentrations of indigo carmine at initial and equilibrium, respectively; V is the volume of the solution (L), and W is the mass of the adsorbent (g).

2.7. Textile wastewater with the composites (FeO-NPs+iS-WEPS) {#sec2.7}
-------------------------------------------------------------

Textile wastewater samples were collected from a textile workshop located in México, in plastic containers and cooled down to 4 °C, then they were transported to the laboratory for their treatment and analysis. The samples were subjected to sedimentation for 5 h, in order to separate the solids, such as cotton threads. The removal was performed in a beaker under magnetic stirring at 60 rpm and room temperature.

The pH of the wastewater samples was 6.7 (measured with a pH M210 Meter). The concentration of indigo carmine dye was 64.6 mg/L (measured with a UV-vis spectrophotometer). While the COD value was 2,422 mg/L, it was measured according to the open reflux method of the American Public Health Association (APHA).

The mixtures containing textile wastewater (100 mL) and the composites (FeO-NPs + iS-WEPS) (0.1g), were tested at different concentrations of hydrogen peroxide. The results showed that pH decrease (from 6.7 to 3.2) after adding the composites, due to the natural acidity of these. The pH value of 3.2 is similar to that reported for textile wastewater after removing indigo carmine dye, following a Fenton process ([@bib1]; [@bib6]; [@bib19]; [@bib44]).

3. Results and discussion {#sec3}
=========================

3.1. FT-IR spectroscopy of the (WEPS) and (iWEPS) {#sec3.1}
-------------------------------------------------

The FT-IR spectrum of the WEPS is shown in [Fig. 2](#fig2){ref-type="fig"}. The main absorption bands are located at 3025 cm^−1^ corresponding to aromatic C--H stretching; at 2921 cm^−1^ attributed to symmetrical and asymmetrical stretching vibration of CH~2~; at 1600, 1499 and 1442 cm^−1^ corresponding to the C─C stretching bands for aromatic ring, however, the band at 1442 cm^−1^ may result from the ring breathing of the deformation vibration of CH~2~; and finally at 1018, 757 and 700 cm^−1^, corresponding to the = C--H stretching for aromatic ring ([@bib30]; [@bib40]).Fig. 2FT-IR spectra of non-irradiated WEPS, and irradiated WEPS.Fig. 2

The FT-IR spectra of the irradiated WEPS are shown in [Fig. 2](#fig2){ref-type="fig"}. They do not show different peaks respect to non-irradiated ones. Thus, no new chemical bonds were produced after irradiation.

3.2. Glass transition temperature of the (WEPS) and (iWEPS) {#sec3.2}
-----------------------------------------------------------

The differential scanning calorimetry (DSC) analysis was carried out, in order to obtain the glass transition temperature (T~g~) ([Fig. 3](#fig3){ref-type="fig"}). The results show the T~g~ at 103 °C for non-irradiated WEPS, and at 98.1 °C for WEPS irradiated at 200 kGy. Such diminution on the temperature is result of the molecular weight decrease, caused by the scissions of the polymer chains ([@bib35]; [@bib41]) ([@bib9]).Fig. 3DSC curves of the (WEPS) and (iWEPS).Fig. 3

3.3. Degree of sulfonation of the (iWEPS) {#sec3.3}
-----------------------------------------

The degree of sulfonation of non-irradiated (WEPS), and irradiated waste expanded polystyrene (iWEPS), is shown in [Fig. 4](#fig4){ref-type="fig"}. Two well-defined behaviors are obtained: a) The degree of sulfonation increase when the radiation dose increase, up to 200 kGy. This can be attributed to the scission of the polymer chains, that favor the sulfonation process. The value for non-irradiated WEPS was 23.5%, while that for irradiated at 200 kGy was 46.6%. This means an improvement of 50%; b) At doses higher than 200 kG, the degree of sulfonation gradually decrease, up to 8.8%, which could be attributed to a greater scission of the polymer chains.Fig. 4Degree of sulfonation of non-irradiated and irradiated WEPS.Fig. 4

3.4. Crystallinity of the iron oxide nanoparticles (FeO-NPs) {#sec3.4}
------------------------------------------------------------

The crystallinity of the iron oxide nanoparticles is shown in [Fig. 5](#fig5){ref-type="fig"}. The crystalline phases are: i) α Fe~2~O~3~, ii) β Fe~2~O~3~, iii) γ Fe~2~O~3~, iv) ε Fe~2~O~3~, v) Fe~3~O~4~ and vi) FeO. Their respective crystalline planes are shown in the same [Fig. 5](#fig5){ref-type="fig"} ([@bib10]; [@bib11]; [@bib17]; [@bib25]; [@bib31]).Fig. 5X-ray diffraction spectrum of the iron oxide nanoparticles.Fig. 5

3.5. Morphological characterization of the composites (FeO-NPs+iS-WEPS) {#sec3.5}
-----------------------------------------------------------------------

The TEM image of the composite (FeO-NPs + iS-WEPS) is shown in [Fig. 6](#fig6){ref-type="fig"}a. Quasi spherical nanoparticles are observed. They show an uniform distribution of diameter sizes, ranging from 5 to 80 nm ([Fig. 6](#fig6){ref-type="fig"}b), with an average diameter size of 31.5 nm, and a standard deviation, σ = 0.30. Such diameters are higher than those for non-irradiated and sulfonated WEPS, reported in a previous work by the authors, namely 25.5 nm, with σ = 0.44 ([@bib12]). Thus, gamma irradiation generates agglomeration of NPs and growth of crystalline grains. These irradiated NPs, have similar diameter sizes than those obtained when polyphenols are used ([@bib15]).Fig. 6TEM image of the composite (FeO-NPs + iS-WEPS) (a), and their distribution of diameter sizes (b).Fig. 6

[Fig. 7](#fig7){ref-type="fig"}a shows a SEM image of the composite (FeO-NPs + iS-WEPS). A rough surface with detached particles and some channels (shown inside the circle), are observed. The presence of channels increase the superficial area, which promote the adsorption process ([@bib38]). The surface morphology after irradiation is very different to that for non-irradiated and sulfonated WEPS, reported in a previous work by the authors, where a smooth and homogeneous surface with some voids was obtained ([@bib12]). Thus, gamma irradiation produces modifications on the surface of the composite, mainly those due to the scission of the polymer chains. The composition of the composite was analyzed by EDS ([Fig. 7](#fig7){ref-type="fig"}b). The chemical elements detected were: O (36.77%), C (27.9%), Fe (21.97%), and S (12.56%). They are constituents of the green tea molecules, as well as of the FeO nanoparticles, corroborate by the oxygen presence ([@bib39]).Fig. 7SEM image of the composite (FeO-NPs + iS-WEPS) (a); and its chemical elements, obtained by EDS (b).Fig. 7

3.6. Kinetics and adsorption isotherms {#sec3.6}
--------------------------------------

The equilibrium time was obtained at 30 min ([Fig. 8](#fig8){ref-type="fig"}a), with 60% removal of indigo carmine dye ([Fig. 8](#fig8){ref-type="fig"}b). The parameters for each model are shown in [Table 1](#tbl1){ref-type="table"}. The experimental data are agreeing with those for the pseudo-first or pseudo-second order models, as it is shown in [Fig. 8](#fig8){ref-type="fig"}a. Moreover, the correlation coefficients are higher for the pseudo-second order model than those for the first-order. According to the models, the adsorption occurs by chemisorption, with exchange of electrons between the composite (FeO-NPs + iS-WEPS) and the indigo carmine dye ([@bib7]). Thus, the adsorption process is carried out by chemical bonds between the adsorbent and adsorbate. Unfortunately, the Elovich model did not provided a good fit, thus the data are not shown.Fig. 8Adsorption kinetics for removal of indigo carmine dye: pseudo-first and pseudo second order models (a); Removal percentage (b). Adsorbent dose = 2 g/L, volume of sample = 50 mL.Fig. 8Table 1Kinetic parameters for removal of indigo carmine dye.Table 1Adsorption kinetic modelEquationParameterIrradiated WEPSPseudo-first-order$q_{t} = q_{e}\left( 1 - e^{k1t} \right)$q~e~ (mg/g)13.76k~1~ (min^−1^)9.494R^2^0.986*X*^*2*^0.226RSS2.041Pseudo-second-order$q_{t} = \frac{q^{2}k2t}{1 + q_{e}k2t}$q~e~ (mg/g)14.21k~2~ (g/min·mg)0.094R^2^0.994*X*^*2*^0.095RSS0.860

Data for Freundlich and Langmuir models are shown in [Fig. 9](#fig9){ref-type="fig"}a and b, and in [Table 2](#tbl2){ref-type="table"}. According to the regression coefficient, the Freundlich model is better for describing the adsorption process of the composite (FeO-NPs + iS-WEPS); this has a monosurface of adsorption with a heterogeneous distribution of energy points, and interactions between adsorbed molecules ([@bib25]). In addition, the maximum adsorption capacity of the composite was 20 mg/g, with R^2^ = 0.955, obtained by the Langmuir model.Fig. 9Adsorption isotherms models: Freundlich (a), and Langmuir (b); adsorbent dose = 2 g/L, sample volume = 100 mL, and equilibrium time = 30 min.Fig. 9Table 2Adsorption isotherms parameters for removal of indigo carmine dye.Table 2Adsorption isotherm modelsEquationParametersIrradiated WEPSLangmuir$q_{e} = \frac{q_{max}bC_{e}}{1 + bC_{e}}$q~max~ (mg/g)20.01b (L/g)0.022R^2^0.955Freundlich$q_{e} = KFC_{e}^{1/n}$~KF~ (mg/g) (L/mg)1.1271/n0.475R^2^0.990Langmuir-Freundlich$q_{e} = \frac{KC_{e}^{1/n}}{1 + aC_{e}^{1/n}}$K (mg/g)16181.7a (L/g)0.0000691/n0.57R^2^0.989

Lower values than 1.0 for the 1/n parameter, means that the adsorption is adequate; such parameter shows the relative distribution of the energy sites, which depend directly on the nature and strength of the adsorption process ([@bib8]). The interaction mechanism between the composite (FeO-NPs + iS-WEPS) and the indigo carmine dye, is based on the --SO~3~H groups, which generate strong electrostatic interactions with the dye molecules; while functional groups of the dyes create positive dipoles ([@bib42]).

3.7. Heterogeneous Fenton process {#sec3.7}
---------------------------------

Colored wastewater has a wide range of initial pH values, which is an important parameter that affects the removal efficiency in the Fenton processes. It have been reported pH values between 2 and 3 for removal of contaminants, when the homogeneous Fenton process is applied ([@bib13]; [@bib29]; [@bib38]). At pH less than 3.5, Fe^3+^ controls the balance and the Fenton process is responsible for the elimination of the contaminant. But, at pH = 3.5 or higher, the solubility is controlled by the compound Fe (OH)~3~, and the removal of contaminants is due to a coagulation process and not to a Fenton process. Moreover, it is well known that the H~2~O~2~ and the ferrous ions are more stable at a low pH. For example, at pH less than 2.0, the reaction between H~2~O~2~ and Fe^2+^ could be slowed down, because the H~2~O~2~ can probably remain stable by solvating a proton to form an oxonium ion ([Eq. 2](#fd2){ref-type="disp-formula"}) ([@bib29]).$$\left. H_{2}O_{2} + H^{+}\rightarrow H_{3}O_{2}^{+} \right.$$

An advantage of this work was achieved decrease of the pH, from 6.7 (corresponding to the textile wastewater) to 3.2 for the resulting composite. Which is due to the acid nature of the sulfonated polystyrene. Therefore, pH = 3.2 was taken as reference, and no tests were carried out at different pH.

The effects of the H~2~O~2~ on the decolorization of the textile wastewater, are shown in [Fig. 10](#fig10){ref-type="fig"}. The H~2~O~2~ concentrations were 0.08, 0.16, 0.32 mM/L. As it is shown, the indigo carmine dye degradation rate increase when increase H~2~O~2~ concentration. Moreover, maximum removal, namely 99%, was obtained for a concentration of 0.32 mM/L.Fig. 10Effect of the H~2~O~2~ concentrations on the decolorization of indigo carmine dye; \[composite (FeO-NPs + iS-WEPS) = 2 g/L, pH = 3.2, t = 20 min\].Fig. 10

Removal of indigo carmine dye occurs on the surface of the composite (FeO-NPs + iS-WEPS) (the catalyst), after reacting with H~2~O~2~. The removal follows Eqs. [(3)](#fd3){ref-type="disp-formula"}, [(4)](#fd4){ref-type="disp-formula"}, [(5)](#fd5){ref-type="disp-formula"}, and [(6)](#fd6){ref-type="disp-formula"} ([@bib4]). The heterogeneous Fenton process shows several reactions on the catalyst surface, producing HO• and HO~2~^•^ radicals. High concentration of catalyst provoke that more H~2~O~2~ molecules reach the surface of the composite (FeO-NPs + iS-WEPS), and react with Fe^2+^, resulting in a higher reaction rate. Thus, low H~2~O~2~ concentration means low oxidation rate. These results are agree with those reported by ([@bib5]; [@bib38]).

The current mechanism involves hydroxyl radical production, by means of the reactions between H~2~O~2~ and the iron oxides. Moreover, this can react with organic matter in the water through direct and indirect pathways. Mainly, by means of double bond addition, hydrogen abstraction or by electron-transfer reactions ([@bib24]). Thus, the result is the elimination of organics up to their mineralization ([@bib18]).

### 3.7.1. Removal of indigo carmine dye in textile wastewater {#sec3.7.1}

The removal percentage of the indigo carmine dye achieved by the composite (FeO-NPs + iS-WEPS) was 6% and by the H~2~O~2~ of 14%. Nevertheless, the combination of both following a Fenton process, achieved 99% of removal ([Fig. 11](#fig11){ref-type="fig"}a). The results show diminution of the chemical oxygen demand (COD) from 2,422 mg/L to 411 mg/L with a reaction time of 20 min ([Fig. 11](#fig11){ref-type="fig"}b), is to say a reduction of 83%. The high dye elimination was due to the reactive radicals produced in the Fenton process. Moreover, the complete dye removal does not always mean complete mineralization, because the textile wastewater are always a complex mixture of chemicals.Fig. 11Removal of indigo carmine dye in the textile wastewater (a), and COD produced through Fenton process (b); H~2~O~2~ = 0.32 mM/L, composite (FeO-NPs + iS-WEPS) = 2 g/L, pH = 3.2.Fig. 11

The results depend on the textile wastewater characteristics. Some studies concerning to dye removal show lower values than those obtained in this work. For example: a) Almazan et al., 2015, obtained 90% removal of indigo blue in more than 1 h, through of a Fenton process ([@bib3]), b) Subbulekshmi et al., 2107 developed the system (CuO + zeolite) and H~2~O~2~; the removal of indigo carmine dye was obtained in 1h, with a COD reduction of 80% ([@bib36]), c) in other study, Fe~2~O~3~ supported-zeolite was elaborated as a heterogeneous catalyst, for the degradation of indigo carmine, through Photo-Fenton process. The results show almost discoloration after 10 min ([@bib27]). These studies used prepared solutions. Unfortunately, there are few studies which using textile effluents or wastewater, because in such systems there are many variables to control.

Similar results for COD reduction were obtained with combined processes. For example: a) textile effluent treated with electro-Fenton, achieving a COD reduction of 86% ([@bib32]), b) textile wastewater by means of photo-Fenton process, with a COD reduction of 84% ([@bib28]), c) Ultrasonic- Fenton processes for degradation of azo dye in textile wastewater, with a COD reduction of 79.25%. Finally, a similar initial COD value (2,360 mg/L) obtained in this work was comparable to that reported by ([@bib23]).

4. Conclusions {#sec4}
==============

In this work, waste expanded polystyrene (WEPS) was submitted to gamma rays and to a sulfonation process for to improve the removal of indigo carmine dye in textile wastewater. According to the thermal characterization, Tg decrease for irradiated WEPS is produced by the decrease of its molecular weight, caused by the scissions of the polymer chains. Moreover, there are not evidences for changes in its chemical structure according to the FT-IR characterization. Nevertheless, an improvement of 50% was obtained for the degree of sulfonation of the WEPS irradiated at 200 kGy, in comparison with the non-irradiated ones.

After irradiation, the composites elaborated with (iS-WEPS), and iron oxide nanoparticles (FeO-NPs): a) had morphological changes, which increased their superficial area and the degree of hydrophilicity, such modification promoted the adsorption process; b) had better fitting with the pseudo-second order model, for the description of the adsorption kinetics; c) the adsorption occurred by chemisorption, with exchange of electrons between the composite and the indigo carmine dye; and d) they were used as a heterogeneous Fenton catalyst, and the elimination of the indigo carmine dye in textile wastewater increase when the H~2~O~2~ concentration increase. Finally, it was obtained 99% removal of indigo carmine, as well as 83% of COD reduction; according to the experimental conditions: H~2~O~2~ = 0.32 mM/L, composite = 2 g/L, pH = 3.2, and a reaction time of 20 min.
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